pectedly, molecular analyses of plant genes responsive to diverse stimuli have identified cs-acting DNA sequences that possess a common ACGT core motif. Characterized ACGT elements include the CaM V3 35S as-i element (1), the wheat histone hex-l element (2) , the opine synthase ocs and nos elements (3) , and the nearly ubiquitous G-box motif (4). Sequence-specific DNA binding transcription factors that interact with these different ACGT motifs may be responsible for various plant gene expression phenotypes. This review will focus on cloned plant bZIP transcription factors that bind ACGT elements.
NUCLEAR ACGT-BINDING ACTIVITIES
The term G-box element was first used by Giuliano et al. (4) to describe a DNA sequence present in the 5' flanking region of the light-regulated tomatorbcS-3A gene that interacts with tomato and Arabidopsis nuclear factors. DNAse I footprinting experiments localized the GBF site to a 12-bp sequence, TGACACGTGGCA.
Sequences related to the G-box element have also been identified in the 5' flanking regions of other rbcS genes (4) . Although these sequences possessed little homology outside the palindromic CACGTG hexameric core, they were found to be efficient competitors for GBF. These results suggested that the CACGTG G-box serves as a binding site for GBF; moreover, they indicated that the latter is conserved across several plant species and could play a role in the regulation of light-responsive rbcS genes. Subsequent protein/DNA binding studies uncovered sequence motifs containing the CACGTG core not only in other light-responsive genes but also in unrelated plant genes (for a partial list, see ref 5) . These genes include the anaerobically induced Arabidopsis adh gene (6) , the ABA-inducible wheat Em gene (7) , and the UV light-responsive parsley (8, 9) and Antirrhinum (10) chs genes. Because reciprocal competition binding experiments indicated that GBF/CACGTG complexes were sensitive to a 100-fold molar excess competitor, it was generally assumed at that time that all these elements bound the same nuclear factor.
Biochemical experiments undertaken to purify GBF provided the first evidence that the situation was more complex than initially presumed. By differential sequencespecific DNA affinity chromatography, multiple GBF proteins specific for the Antirrhinum c/is G-box were identified ranging in molecular mass from 20 to 40 kDa (ii). UV crosslinking experiments also detected
two Arabidopsis GBF proteins, 18 and 31 kDa, which interacted with the Arabidopsis adh G-box element (12 (13) . The nucleotide at +2 defines the status of a box designated as class I G-box elements, whereas type B activity (as A, G, C, or T). For example, the hexameric core of a binds class II G-box elements. The nucleotide at position palindromic G-box is CACGTG and the hexameric core of -3/+3 defines the class of a G-box element; the (palma palindromic A-box is TACGTA. However, hexameric cores dromic) class I elements have a C or A at -3, the class II in naturally occurring ACGT elements may not be palmelements have a G or a T at -3. Differential binding is obdromic, e.g., the rabl6A motif I, TACGTG.
Accordingly, the served within each class, the nucleotide at position -4/+4 TAG GTG sequence shown in column 1, row 2, of the matrix dictating the differential binding efficiency in each class. The in Table 1 is designated a G/A hybrid element composed of experimental findings with G-box elements and nuclear A-box (5') and G-box (3') half-sites.
GBFs, and related findings obtained with bZIP proteins usThe detection of multiple GBF isoforms in cell extracts ing C-box and A-box hexameric core sequences, are summaraises the question of how they interact with different G-box rized in Table 2 . According to these classification rules, the elements.
One possibility is that sequences flanking the tomato and Arabidopsis rbcS, the Arabidopsis ad/i,the parsley CACGTG hexameric core sequence may play a role in c/is, and the wheat Em G-box elements represent class I Gprotein-binding specificity. For our systematic binding box elements that bind type A GBFs. In contrast, the Antirstudies we used a battery of palindromic G-box elements rhinum c/is G-box is a class II G-box element that is specific possessing all possible nucleotide combinations flanking the for the type B GBFs, e.g., CG-l (Table 1) . Binding studies hexameric core at positions -3/+3 and -4/+4 (5). Our that are not consistent with our classification scheme can be binding studies clearly identified two classes of G-box eleattributed to the use of competitor elements in excess of ments, each of which interacts with biochemically distinct 100-fold (10) . Of the 16 possible palindromic G-box elements or an adenine at +2 are designated C-box, T-box, or A-box probes, respectively (Table 1) .
DNA binding studies have shown that Arabidopsiswholecell extracts contain DNA binding proteins that can interact with A-box, C-box, and 0-box elements but not T-box elements (R. Foster, unpublished results). Thus it would appear that other plant cis-acting DNA sequence motifs previously considered unrelated to the 0-box, but that share a common ACGT half-site, can now be categorized as ACOT elements. These motifs include the as-I element of CaMV 35S promoter and the ocs and nos elements of the Agrobacterium tumefaciens T-DNA opine synthase genes (3, 16) . Overall, the G-box, C-box, and A-box nomenclature provides a concise terminology with which to describe all ACGT elements. Using this terminology, palindromic and nonpalindromic ACGT elements can be described according to the nucleotide at position + 2; the palindromic tomato rbcS-3A element TC CACGTG GC is a class I 0-box element, whereas the nonpalindromic elements, the wheat hex-i element, GC CACGTC AC, and the distal ACGT motif of the CaMV as-i element, CT GACGTA AG, are 0/C hybrid and C/A hybrid elements, respectively (Table 1 ). Protein/DNA binding studies have identified a DNA binding activity in tobacco and maize designated ASF-i specific for the as-i, ocs, and nos elements (1, 3, 16, 17) . Reciprocal competition experiments have shown that these elements can compete for the same protein/DNA complex.
On the other hand, the wheat hex-i motif can form two types of protein/DNA complexes; one complex is sensitive to competition by hex-I whereas the other can be competed for by the as-i, nos, and ocs elements (15) In this manner, ACGT motifs have been shown to be required for maximal expression of the wheat histone H3 (18), the Arabidopsis ad/i (6) , the parsley c/is (8, 9, 19), and the rice rab-16A genes using plant protoplast transient expression assays and for the Arabidopsis rbsS-3A (20) and the wheat Em gene (21) by in vivo transgenic plant studies. Gainof-function experiments that would demonstrate that the Gbox element can function on its own to mediate transcriptional activation in response to a specific stimulus have not been reported.
However, experiments using a related motif, hex-i, which is a G-box/C-box hybrid, indicated that this element was unable to independently activate transcription of a GUS reporter gene in transgenic tobacco (22) . Most in vivo expression studies indicate that G-box elements require the presence of additional cis-acting sequences for activity. The palindromic high-affinity class I 0-box motif was shown to direct a root-specific expression pattern when fused to the -90 CaMV promoter, whereas the nonpalindromic rice TACGTG motif I conferred developmentally regulated seedspecific expression.
These results suggest that G-box elements cannot act on their own but rather function in a synergistic fashion with other proximal teins for A-box, C-box, and G-box ACGT elements ( Table  2 ). Binding studies using mixed A-box, C-box, 0-box, and T-box probes indicated that all 10 bZIP proteins tested can interact with C-box and 0-box elements; three, TGAia, Opaque 2, and CPRF-2, are able to bind A-box motifs, but none show a strong binding affinity for T-boxes. All factors examined, except TGA1a, preferred class I G-box elements. As the classification scheme derived for nuclear GBFs holds true for recombinant plant bZIP proteins, one could propose that these factors comprise in part type A GBF activity (5) and are potential trans-activators for genes harboring class I 0-box motifs. Whereas none of the bZIP proteins examined exhibited a preference for class II G-box elements characteristic of type B GBF activity, all nuclear and whole cell extracts possess this binding activity. It could be possible that type B bZIP proteins exist but have not been isolated or, alternatively, type B binding activity may result from some post-translational modification of type A binding activity. A similar qualitative analysis of the nucleotides flanking palindromic C-box oligonucleotides, positions -4/+4 and -3/+3, identified high-affinity C-box motifs. In contrast to the situation for the 0-box, high-affinity C-box elements exhibit a much stricter requirement for flanking sequences at these positions; an absolute requirement for a thymine at position -3 defines TGACGTCA as the consensus high-affinity C-box element. Although all 10 bZIP proteins tested exhibit a differential binding affinity for the high-affinity 0-box and C-box elements used, they all possess a similar DNA binding specificity preferring the same flanking sequences. Even, TGA1a, which has a high dissociation constant for class I 0-box elements, is selective for these elements when high concentrations of protein are used. The FASEB Journal FOSTER ET AL.
and C-box motifs, whereas group 3 TOAIa displays a much stronger binding affinity for the C-box motif. Whereas the identification of cognate high-affinity 0-box and C-box elements for these 10 plant bZIP proteins confirms earlier binding studies, it also highlights other discrepancies. The tobacco TGA1a factor was isolated using the hex-i element that is a 0/C hybrid ACGT element (33) . This factor shows a strong binding affinity for the distal ACOT motif of the CaMV as-i element that is a C/A hybrid (1, 16 that EmBP-i is most specific for the class I 0-box motif, whereas TGA1a has the highest affinity for the C-box element. One would predictthatplantgenes possessing highaffinity class I 0-box elements would be regulated in part by group I bZIP proteins whereas those containing G-box/Cbox hybrid elements composed of high-affinity class I 0-box and C-box elements would be transactivated by group 2 bZIP proteins. Genes possessing high-affinity C-box, A-box, or A-box/C-box hybrid elements would be regulated by group 3 factors. Future in vivo expression studies will be required to validate these proposals and determine whether factors specific for class II 0-box elements and T-boxes indeed exist.
DNA binding sites for the Arabidopsis GBF1 and TGAI bZIP proteins were identified by the random binding site selection method (25, 40 ). This technique is based on the selection of protein binding sites from a pool of random DNA sequences. After three to five cycles, the pool of selected oligonucleotides was cloned and sequenced. Of the eight consensus binding sites selected for GBF1, three represent combinations of class I 0-box motifs, two class I G-box/high-affinity C-box hybrid elements, and three class I 0-box/A box hybrid ACGT sites. One would predict that GBF1 could be classified as group 2 factor, which exhibits an equivalent strong binding affinity for both 0-box and C-box motifs and a somewhat weaker affinity for A-boxes. (53) . Comparison of the basic region amino acids between the different plant bZIP proteins that contact positions ±2, ±3, and ±4 of the ACGT binding site could help explain factor binding specificity (Table 4) . However, of the five amino acids that directly contact a base within the 9 bp AP-i site, four are completely conserved throughout all known plant bZIP proteins: Arg -10, Ser -ii, Ala -15, and Asn -18. Of these four residues Arg at position -iO is known to be essential for binding because a maize Opaque 2 EMS mutant possessing an arginine to lysine transition at position -10 is unable to bind the 22-kDa zein ACGT element (54) . The Ala residue at position -15 may be a major determinant for plant bZIP DNA binding specificity. Table  4 shows that TGA1a, T0A1, HBP-ib, OBF3.1, and OBF3.2 all possess an alanine at position -15 whereas the group 1, group 2, Arabidopsis GBF, RAF-I, OCSBF-2, and OHP factors all possess a serine at the same position.
Moreover, systematic binding analyses of the GCN4, c/EBP, and TAF-l basic regions identified the alanine at -15 to be important for TAF-i binding specificity (55) . Taken together it appears that in plants the presence of an alanine at position -15 differentiates group 3 bZIP factors from those of groups 1 or 2; the former shows a preference for A-box and C-box ACGT elements whereas the latter prefer 0-boxes.
Nevertheless, it is still not clear how bZIP proteins discriminate between the different 0-box elements. It may be that amino acids present within BR-A, flanking the basic region, or within the region between the basic region and the zipper affect binding specificity.
Transcriptional activation
Despite the existence of several cloned plant bZIP proteins, only TGA1a, TAF-i, Opaque 2, and GBF1 have been shown to be transcriptional activators.
To date, a variety of in vivo and in vitro techniques have been used to analyze bZIP protein function.
Reconstituted in vitro transcription assays have been used to elucidate the mechanism by which bZIP proteins activate transcription.
In this manner, wheat germ and HeLa in vitro transcription assays have shown that the tobacco T0Ala protein functions as a transcriptional activator by increasing the number of active preinitiation complexes, not by increasing the rate of elongation (56, 57) . Future experiments that use plant-derived in vitro assays can dissect plant transcriptional complexes and ascribe functional roles to individual bZIP proteins. Alternatively, in vivo assays can be used to evaluate the function of a transcriptional activator in a particular tissue or host. These assays require that the factor in question is expressed at a low level or not at all in the recipient tissue, otherwise the signal/noise ratio will be too low. One approach has been to use plants transgenic for a reporter gene linked to the appropriate ACGT element as experimental substrates. Microinjecting TGA1a into a leaf taken from such a plant has demonstrated the ability of the TGA1a acidic activation domain to stimulate as-I driven GUS expression (0. Neuhaus, unpublished results). In a similar manner, microprojectile bombardment of leaf tissue transgenic for a rice rabl6A motif I/GUS fusion gene has illustrated the ability of the tobacco TAF-l protein to activate transcription (29 Opaque-2 is a transcriptional activator that recognizes a specific target site in 22-kD zein genes. Plant Cell 4, 689-700 43. Ueda, T., Waverczak, W., Ward, K., Sher, N., Ketudak, M., Schmidt,
